
1. Introduction
Magnetosphere-ionosphere dynamics are determined by the solar wind and interplanetary magnetic field 
(IMF) forcing and the system’s response to that forcing. Arguably, the most important quantity in the solar 
wind forcing is the rate of opening of magnetic flux, or the reconnetion rate, on the dayside magneto-
pause. For several decades, coupling functions have been used to quantify the upstream solar wind forcing. 
Typically, coupling functions are proportional to the product 𝐴𝐴 𝐴𝐴𝛼𝛼𝐵𝐵𝛽𝛽

𝑇𝑇 sin
𝛾𝛾 (𝜃𝜃∕2) , where 𝐴𝐴 𝐴𝐴 is solar wind speed, 

𝐴𝐴 𝐴𝐴𝑇𝑇 =
√

𝐴𝐴2
𝑧𝑧 + 𝐴𝐴2

𝑦𝑦  and 𝐴𝐴 𝐴𝐴 = arctan(𝐵𝐵𝑦𝑦∕𝐵𝐵𝑧𝑧) is the IMF clock angle in the Geocentric Solar Magnetospheric 
(GSM) coordinate system. The exponents 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 are empirically determined, for example, by maximizing 
correlation between the coupling function and geomagnetic indices (Lockwood, Bently et al., 2019; Newell 
et al., 2007; Vasyliunas et al., 1982). Because geomagnetic disturbances on the ground are also much affect-
ed by how the magnetosphere and ionosphere responds to the upstream forcing, the interpretation of these 
coupling functions in terms of a dayside coupling efficiency is challenging. The coupling function presented 
by Milan et al. (2012) is slightly different in this regard, as it was specifically designed to predict the dayside 
reconnection rate in units of Weber per second, or Volt:

Φ𝐷𝐷 = Λ𝑣𝑣4∕3𝐵𝐵𝑇𝑇 sin9∕2(𝜃𝜃∕2), (1)

where 𝐴𝐴 Λ = 3.3 ⋅ 105 m2/3s1/3. The coupling function coefficients 𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴 were in this case estimated by fitting 
the expansion of the open magnetic flux inside the polar cap as monitored by global Far Ultraviolet imaging 
of the aurora during intervals when tail reconnection was assumed to be negligible.
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latitude of energetic protons. We show that the substorm onset latitude and the IB latitude are about 
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Plain Language Summary Substorms are global magnetic disturbances in which energy 
stored in the Earth’s magnetic field is suddenly released, leading to intense aurorae and other space 
weather effects. Substorms are most frequent and strongest when the magnetic field incident to the Earth 
at the Sun-Earth line has a strong southward component. In this paper we study how the occurrence and 
strength of substorms are affected by the east component of this magnetic field. We show that substorms 
are less frequent but stronger, with associated aurora extending to lower latitudes, when the east 
component is strongly positive or negative. These results help in developing more accurate space weather 
predictions in the future.
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Magnetic flux that has been opened by dayside reconnection and added to the lobes must, at some point, 
close again in the magnetotail (Dungey, 1961). This is most commonly achieved by magnetospheric sub-
storms. During a substorm, open flux in the lobes are closed explosively, causing a global reconfiguration 
of the magnetotail from a stretched, tail-like configuration to a more dipolar configuration (Hones, 1979). 
On average, a substorm closes about a third of the available open flux (Milan et al., 2007). The behavior 
of individual substorms vary, but do in general depend on the amount of open flux available in the lobes. 
Specifically, it has been shown that substorms occurring at lower magnetic latitudes tend to be more intense 
in terms of auroral brightness (Milan et al., 2010), transpolar plasma transport (Grocott et al., 2009), and 
ionospheric currents (Holappa et al., 2014; Milan et al., 2019; Myllys et al., 2015; Tanskanen et al., 2002) 
compared to substorms occurring when the auroral oval is located at higher latitudes.

The presence of an IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 component significantly alters the configuration of the magnetospheric system. 
The amplitude and polarity of the 𝐴𝐴 𝐴𝐴𝑦𝑦 component inside the magnetosphere are positively correlated with 
IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 (e.g. Petrukovich, 2011; Tenfjord et al., 2015), which leads to a relative displacement of the footpoint 
of closed magnetic field lines between the northern and southern hemisphere (abbreviated NH and SH). 
This is reflected in the observed location of substorm onset, which is shifted duskward (dawnward) for 
positive IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 and dawnward (duskward) for negative IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 in the NH (SH) (e.g. Liou et al., 2001; Liou 
& Newell, 2010; Østgaard et al., 2011). Recent studies have also shown that auroral electrojets (Friis-Chris-
tensen et al., 2017; Holappa & Mursula, 2018; Holappa et al., 2021; Smith et al., 2017), auroral oval size 
(Reistad et al., 2020), energetic electron precipitation (Holappa et al., 2020) and substorm occurrence fre-
quency (Ohma et al., 2021) respond differently to solar wind forcing, depending on the sign of IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 and 
the dipole tilt angle (or season). For a fixed value of 𝐴𝐴 Φ𝐷𝐷 , the above parameters are greater for 𝐴𝐴 𝐴𝐴𝑦𝑦 > 0 than for 

𝐴𝐴 𝐴𝐴𝑦𝑦 < 0 during negative dipole tilt (NH winter and SH summer). During positive dipole tilt (NH summer and 
SH winter) the dependence on the 𝐴𝐴 𝐴𝐴𝑦𝑦 sign is reversed. Currently it is not understood whether these effects 
are due to a 𝐴𝐴 𝐴𝐴𝑦𝑦 /dipole tilt dependency in the dayside reconnection rate, or if the magnetosphere responds 
differently to similar levels of dayside reconnection rate.

In this paper we study how the magnitude (absolute value) of IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 modulates substorm onset latitudes 
and occurrence rates. This is done using existing lists of identified substorm onsets from satellite-based 
observations based on optical (Frey et al., 2004; Liou, 2010) and particle (Borovsky & Yakymenko, 2017) 
signatures, as well as several independent observations based on ground magnetic signatures (McPherron & 
Chu, 2017; Newell & Gjerloev, 2011; Nosé et al., 2012). Furthermore, we use National Oceanic and Atmos-
pheric Administration's Polar Operational Environmental Satellites (NOAA POES) measurements of the 
isotropic boundary (IB) latitude of energetic protons (Asikainen et al., 2010), which marks the equatorward 
boundary of proton precipitation (Newell et al., 1998; Sergeev et al., 1993). The IB latitude was found to be 
close to the substorm onset latitude (Meurant et al., 2007) and moves equatorward during the expansion 
phase (Donovan et al., 2003; Gilson et al., 2012). Thus, the IB latitude measurements provide an additional 
database for studying the IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 -effects on substorm dynamics.

The main question targeted in this paper is: Does the magnetotail respond differently to the same levels of 
dayside reconnection when the IMF has a strong 𝐴𝐴 |𝐵𝐵𝑦𝑦| component compared to when it has small 𝐴𝐴 |𝐵𝐵𝑦𝑦| ? This 
paper is organized as follows. In Section 2 we present how IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 modulates the onset latitude and onset 
frequency of substorms. In Section 3 we present the 𝐴𝐴 𝐴𝐴𝑦𝑦 -dependence of the isotropic boundary latitude. Fi-
nally, we discuss our results and give our conclusions in Section 4.

2. Effect of IMF By Magnitude on Substorm Dynamics
Studying the effect of IMF 𝐴𝐴 |𝐵𝐵𝑦𝑦| on substorm dynamics is challenging because the level of solar wind and 
IMF forcing can be very different for large and small 𝐴𝐴 |𝐵𝐵𝑦𝑦| . In order to do a fair comparison we compared 
intervals that experienced a similar dayside reconnection rate (same value of 𝐴𝐴 Φ𝐷𝐷 Milan et al., 2012) in some 
time interval prior to the observation.

2.1. Substorm Onset Latitude

We show statistics from two independent substorm onset lists from which the onset latitude could be de-
termined. The identified substorms are binned according to the mean value of 𝐴𝐴 Φ𝐷𝐷 during the hour before 
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onset, scaled to the mean of the hourly averaged 𝐴𝐴 Φ𝐷𝐷 in the period 𝐴𝐴 1996 − 2019 . This scaled coupling function 
is referred to as 𝐴𝐴 Φ𝐷𝐷∕⟨Φ𝐷𝐷⟩ in all figures. The hourly average values of 𝐴𝐴 Φ𝐷𝐷 are based on minute resolution IMF 
and solar wind observations from the OMNI dataset (King & Papitashvili, 2005), representing the conditions 
at the bow-shock nose. Furthermore, we determined if the absolute value of the mean IMF 𝐴𝐴 B𝑦𝑦 is greater or 
less than 3 nT, to see the effect of the presence of an IMF 𝐴𝐴 B𝑦𝑦 component during otherwise similar dayside 
coupling. The 3 nT limit was chosen to obtain a similar number of samples in the two subsets. The absolute 
mean IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 value was also computed based on the hour prior to substorm onset. Furthermore, we require 
the circular variance of the IMF clock angle during the 60 min period prior to onset to be less than 0.1 
(Haaland et al., 2007; Ohma et al., 2019). We define the circular variance (𝐴𝐴 𝐴𝐴 ) as a function of clock-angle 𝐴𝐴 𝐴𝐴 

as 𝐴𝐴 𝐴𝐴 = 1 − 𝑅𝑅 = 1 −
√

⟨sin𝜃𝜃⟩2 + ⟨cos𝜃𝜃⟩2 , where the angle brackets indicate the mean in the considered time 
interval. If the IMF direction (clock-angle) stays constant for the whole interval, R = 1 and 𝐴𝐴 𝐴𝐴 = 0 . The value 
of R decreases with increasing variability of the IMF direction. The circular variance criteria is met 𝐴𝐴 58% of 
the time in the OMNI dataset in the period 1996–2019 and ensures that a small mean IMF 𝐴𝐴 B𝑦𝑦 is not due to 
mixing of large positive and negative IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 values.

Figure 1 shows the results of the onset latitudes determined by the combined FUV lists (Frey et al., 2004; 
Liou, 2010) in the top row (a and b) and the NG list (Newell & Gjerloev, 2011) in the bottom row (c and d). 
For the NG list onsets, we have only selected onsets located between −160° and 40° geographic longitude to 
avoid the longitude sector without significant latitude resolution in magnetometer coverage. Furthermore, 
we exclude onsets on the dayside (06–18 Magnetic Local Time [MLT]). The left panels (a and c) show the 
mean substorm onset latitude in bins of the normalized coupling function 𝐴𝐴 Φ𝐷𝐷∕⟨Φ𝐷𝐷⟩ for large and small 
values of IMF 𝐴𝐴 B𝑦𝑦 as orange and blue, respectively. Standard error of the mean values are indicated with 
vertical error bars, and the 𝐴𝐴 Φ𝐷𝐷 binning is indicated with vertical dashed lines. The mean of the binned 
average values are also printed in respective color in panels (a and c). The right panels (b and d) show a 2D 

Figure 1. (a and b) Substorm onsets from the combined IMAGE and Polar FUV substom list (Frey et al., 2004; Liou, 2010). (c and d) Substorm onsets from the 
NG list (Newell & Gjerloev, 2011). (b and d) 2D binning in IMF 𝐴𝐴 B𝑦𝑦 (x-axis) and the 𝐴𝐴 Φ𝐷𝐷∕ < Φ𝐷𝐷 > normalized dayside coupling parameter in the hour preceding 
substorm onset (y-axis). (a and c) Binning only on 𝐴𝐴 Φ𝐷𝐷∕ < Φ𝐷𝐷 > , but for large vs. small 𝐴𝐴 | IMF 𝐴𝐴 B𝑦𝑦| separately to highlight the differences. Mean of the binned 
averages are printed with respective color in panels (a and c).
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binning of the onsets by the normalized dayside coupling parameter (y-axis) and IMF 𝐴𝐴 B𝑦𝑦 (x-axis), and use 
color to represent the mean onset latitude within the grid spanned by the binning. Bin cells having 10 or less 
substorms are flagged white. The right panels (b and d) have black vertical lines at 𝐴𝐴 ± 3  nT IMF 𝐴𝐴 B𝑦𝑦 , where 
we define large vs. small 𝐴𝐴 |𝐵𝐵𝑦𝑦| . The substorm onset latitude is systematically lower in the FUV list than in 
the NG list. This probably reflects the fact that strong ground magnetic signatures (used in NG list) are seen 
only after some poleward expansion of the auroral bulge after the optical substorm onset (used in FUV list). 
However, in both lists, substorm onset moves to lower latitudes in response to increased dayside reconnec-
tion rate in the preceding hour, as expected. In addition, during intervals of the same dayside reconnection 
rate as parametrized by 𝐴𝐴 Φ𝐷𝐷∕⟨Φ𝐷𝐷⟩ , the mean onset latitude is slightly higher when 𝐴𝐴 |𝐵𝐵𝑦𝑦| is 𝐴𝐴 𝐴 3  nT compared 
to 𝐴𝐴 𝐴 3  nT, a trend seen in all panels in Figure 1.

2.2. Substorm Occurrence Frequency

In order to address whether the substorm occurrence rate is affected by the magnitude of IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 during oth-
erwise similar conditions, we use five different substorm onset lists based on independent onset signatures:

1.  Newell and Gjerloev (2011) (hereafter N&G): based on negative bays in the SML index. This 1-min res-
olution index is based on magnetometers at mainly auroral latitudes in the NH (Gjerloev, 2012) and 
quantifies the strength of the westward electrojet. The list includes 70,278 onsets in 1981–2019.

2.  McPherron and Chu (2018) (M&C): based on positive bays in ground magnetic field at mid-latitudes. 
The positive bays are identified from the Midlatitude Positive Bay (MPB) index (Chu et al., 2015). This 
index quantifies the power of the field-aligned currents associated with the substorm current wedge. Us-
ing a threshold requiring the area of the positive bays to exceed 700 n𝐴𝐴 T2⋅ min, 57,557 onsets were found 
during 1982–2012.

3.  Nosé et al. (2012): based on Pi2 pulsations, quantified by the Wp index. The list includes 14,075 onsets 
in 2005–2019.

4.  The combined onset list based on global far-ultraviolet (FUV) images of the global aurora from IM-
AGE and Polar satellites gives 6,727 onsets during 1996–2007 (Frey et al., 2004; Frey & Mende, 2006; 
Liou, 2010). Note that these lists (hereafter F+L) do not provide continuous coverage, since the auroral 
onset feature must be within the field-of-view of the camera to be detected.

5.  Borovsky and Yakymenko (2017): based on electron injections at geosynchronous orbit, yielding 16,025 
onsets during 1989–2007. This onset list (B&Y) has a temporal resolution of 30 min.

We binned the onsets identified by each list by 𝐴𝐴 Φ𝐷𝐷∕⟨Φ𝐷𝐷⟩ . We further grouped the data based on the average 
IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 in the hour prior to each onset. Finally, we normalized the number of onsets by the number of days 
with IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 and 𝐴𝐴 Φ𝐷𝐷∕⟨Φ𝐷𝐷⟩ within each bin, giving onsets per day. The onset occurrence rates are displayed 
in Figure 2, where each row corresponds to a different onset list. In Figures 2a, 2c, 2e, 2g and 2i, the onsets 
are separated by whether 𝐴𝐴 |𝐵𝐵𝑦𝑦| < 3  nT (blue) or 𝐴𝐴 |𝐵𝐵𝑦𝑦| > 3  nT (orange). The numbers in the upper left corner 
of each panel indicate the number of substorms that contribute to the statistics. To verify that any differenc-
es are statistically significant, we applied bootstrapping on the time series within each bin. By drawing 1,000 
random samples of the same size as the time series in each bin (with replacement), we get an estimate of the 
standard error of the daily onset frequency by calculating the standard deviation of the onsets/day found in 
each sample. Figures 2b, 2d, 2f, 2h and 2j display the onsets grouped in 2-nT wide bins based on IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 , in 
addition to the binning on solar wind forcing.

Figure 2 shows that substorms occur more frequently when the magnitude of IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 is small. The line plots 
show that the daily onset frequency is significantly higher when IMF 𝐴𝐴 |𝐵𝐵𝑦𝑦| < 3  nT and the 2D plots show 
higher values in the central columns compared to either side. The distribution for the N&G list in Figure 2b 
is shifted toward positive IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 values, a trend first reported by Liou et al. (2020). While they suggested 
that this implied stronger coupling between the IMF and the terrestrial field during positive IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 , Ohma 
et al. (2021) demonstrated that this trend is most likely a consequence of the N&G list being based exclusive-
ly on magnetometers in the NH, and that an opposite trend was found in the SH. This effect thus represents 
a local, hemispherical effect, and is not associated with a general, global difference between positive and 
negative IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 . This conclusion is further strengthened by the 2D distributions shown in Figures 2d, 2f, 
and 2j, which appear to be centered around IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 = 0 .
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Consistent trends of higher onset frequency for small IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 are also seen for low solar wind forcing in 
the F+L onset list (Figures 2g and 2h), but the results are more ambiguous for stronger solar wind forc-
ing. However, there are several reasons to put less emphasis on these results. This list contains the fewest 
amount of identified onsets, which means that the statistics are poor compared to the other lists, especially 
in the high-forcing bins. This is reflected in the relatively larger error bars compared to the other lists. Fur-
thermore, the normalization to the solar wind forcing is less reliable for this list, since the F+L time series 
is discontinuous. This is due to the fact that the IMAGE and Polar satellites cannot observe the auroral re-
gions continuously. Therefore, the onsets/day rate cannot be calculated as reliably using the OMNI data in 

Figure 2. Daily substorm frequency. Each row corresponds to different onset lists. Left: onsets/day for small (blue) 
and large (orange) IMF 𝐴𝐴 |𝐵𝐵𝑦𝑦| binned by 𝐴𝐴 Φ𝐷𝐷∕⟨Φ𝐷𝐷⟩ . Right: onsets/day binned by IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 and 𝐴𝐴 Φ𝐷𝐷∕⟨Φ𝐷𝐷⟩ . The two onset lists 
based on spacecraft observations have been labeled with ‘*’ to indicate that the observed onset frequency is affected by 
data gaps and spacecraft location.
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the time period covered by this onset list as for the lists based on continuous, ground-based measurements. 
There could therefore be errors in the normalization, especially in the high-forcing bins which contain few 
hours of data.

2.3. Substorm Strength

We next address how the average substorm strength is affected by IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 during the same levels of up-
stream solar wind forcing. To quantify possible differences, we used the area of the midlatitude positive 
bays (MPBs) identified by McPherron and Chu (2018). This quantity is proportional to the power of the 
substorm current wedge, and thus offers a proxy of the substorm strength. We estimated the mean value of 
the identified MPB areas in the same bins as used in Figure 2. The result is displayed in Figure 3. The error 
bars in Figure 3a indicate the standard error of the means.

Figure 3a indicates that substorms are slightly stronger for large IMF 𝐴𝐴 |𝐵𝐵𝑦𝑦| than for small 𝐴𝐴 |𝐵𝐵𝑦𝑦| . This result is 
consistent with the observation that substorms occur at lower latitudes for large 𝐴𝐴 |𝐵𝐵𝑦𝑦| (Figure 1), as it has 
been shown that substorms occurring at lower magnetic latitudes are more intense in terms of auroral 
brightness (Milan et al., 2010) and ionospheric currents (Holappa et al., 2014; Myllys et al., 2015; Milan 
et al., 2019; Tanskanen et al., 2002).

3. Isotropic Boundary
In the above analysis we have shown how the magnitude of IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 modulates the frequency and onset 
latitude of substorms. In order to quantify the magnetotail response to IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 , we use the isotropic bound-
ary latitude determined from NOAA POES measurements of energetic protons. The IB latitude marks the 
boundary separating the regions of full and empty proton loss cones (Sergeev & Gvozdevsky, 1995), mean-
ing equatorward of the IB the flux of 𝐴𝐴 90◦ pitch-angle protons becomes much greater than the 𝐴𝐴 0◦ (precipitat-
ing) flux. The IB latitude marks the transition from dipolar to non-dipolar field-lines and is therefore located 
close to the equatorward boundary of the auroral oval.

The IB latitude can be determined over a wide range of MLT sectors, but it is known to exhibit a systematic 
MLT dependence with higher IB latitudes seen in the dusk and dawn sectors than at midnight. To take this 
MLT dependence into account, Sergeev and Gvozdevsky (1995) introduced the magnetotail (MT) index, 
which normalizes IB measurements to the midnight MLT level. The version of MT index used in this paper 
is described by Asikainen et al. (2010). In general, the IB latitude is a function of energy. Here we calculate 
the MT index for 80–250 keV protons from all available data of NOAA15-NOAA19 satellites, which have 
been calibrated into a single homogeneous data set (Asikainen et al., 2012).

Figure 4a shows averages of the MT index (with standard errors) for different values of 𝐴𝐴 Φ𝐷𝐷∕ < Φ𝐷𝐷 > and 
IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 . The MT index is calculated by averaging measurements from NH and SH. Figure 4a shows that 

Figure 3. Mean Midlatitude Positive Bay (MPB) area based on the McP&C onset list, quantifying substorm strength. 
Left: mean area for small (blue) and large (orange) IMF 𝐴𝐴 |𝐵𝐵𝑦𝑦| binned by 𝐴𝐴 Φ𝐷𝐷∕⟨Φ𝐷𝐷⟩ . Right: mean area binned by IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 
and 𝐴𝐴 Φ𝐷𝐷∕⟨Φ𝐷𝐷⟩ .
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for a fixed value of 𝐴𝐴 Φ𝐷𝐷∕ < Φ𝐷𝐷 > , the MT index is clearly lower for large values of 𝐴𝐴 |𝐵𝐵𝑦𝑦| . The 𝐴𝐴 𝐴𝐴𝑦𝑦 -dependence 
is symmetric with respect to the sign of 𝐴𝐴 𝐴𝐴𝑦𝑦 . Thus, the MT index shows a similar dependence on 𝐴𝐴 |𝐵𝐵𝑦𝑦| as the 
substorm onset latitude (see Figure 1). A comparison of Figures 1a and 4a show that for a fixed value of 

𝐴𝐴 Φ𝐷𝐷∕ < Φ𝐷𝐷 > , the average substorm onset latitude is located about 𝐴𝐴 1◦ equatorward from the IB latitude which 
is in excellent agreement with earlier results by Meurant et al. (2007), who found that the substorm onsets 
observed from IMAGE FUV images occur close to the proton IB latitude. The IB latitude is about 1 degree 
lower for 𝐴𝐴 |𝐵𝐵𝑦𝑦| > 3 nT than for 𝐴𝐴 |𝐵𝐵𝑦𝑦| < 3  nT, in agreement with the (IMAGE FUV) substorm onset latitude 
(Figure 1a).

4. Discussion and Conclusions
In this paper we have shown that the absolute value of IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 modulates the occurrence rate and onset lat-
itude of substorms. We showed that for a fixed value of the Milan et al. (2012) coupling function, substorms 
occur at lower latitudes for large absolute values of IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 . In contrast, the substorm onset frequency is 
greater for small 𝐴𝐴 |𝐵𝐵𝑦𝑦| . These results are supported by several independent substorm onset lists, based on 
optical satellite images, ground-based magnetic measurements, and in-situ measurements of electron in-
jections at geostationary orbit.

In addition to substorm observations, we also analyzed the proton IB latitude. We showed that the IB lati-
tude has a very similar dependence on IMF 𝐴𝐴 |𝐵𝐵𝑦𝑦| as the substorm onset latitude, which is in excellent agree-
ment with Meurant et al. (2007) and Oberhagemann and Mann (2020). In our analysis we used the IB lati-
tude averaged over both hemispheres. However, the same trends are found in each hemisphere individually, 
and also regardless of local season. Therefore the above dependence on 𝐴𝐴 |𝐵𝐵𝑦𝑦| is a global magnetospheric effect 
and not limited to only one hemisphere. Thus, these results support the above analysis based on substorm 
observations.

Even though a greater amount of magnetic flux is closed by strong substorms during large 𝐴𝐴 |𝐵𝐵𝑦𝑦| , we have 
shown that they occur less frequently than weaker substorms during small 𝐴𝐴 |𝐵𝐵𝑦𝑦| . Based on these results we 
therefore have no obvious reason to believe that the underlying mechanism is the dayside reconnection rate 
being significantly different for large By vs. small By. Rather, we suggest that the magnetotail is more stable 
during large 𝐴𝐴 |𝐵𝐵𝑦𝑦| , which allows more flux to be added to the tail lobes in the substorm growth phase, re-
sulting in larger polar cap size (and lower IB latitude) prior to the substorm onset, and less frequent onsets.

In our analysis we have used the Milan et al. (2012) coupling function 𝐴𝐴 Φ𝐷𝐷 to represent the dayside recon-
nection rate. This empirically determined function depends on the clock-angle factor 𝐴𝐴 sin9∕2(𝜃𝜃∕2) , and thus 
on IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 . The exponent 𝐴𝐴 𝐴𝐴 in the clock-angle factor (𝐴𝐴 𝐴𝐴 = 9∕2 for 𝐴𝐴 Φ𝐷𝐷 ) controls the 𝐴𝐴 𝐴𝐴𝑦𝑦 -dependence of a cou-

Figure 4. (a) Averages of the isotropic boundary (IB) latitude (magnetotail [MT] index) for 𝐴𝐴 |𝐵𝐵𝑦𝑦| > 3  nT and for 
𝐴𝐴 |𝐵𝐵𝑦𝑦| < 3  nT as a function of 𝐴𝐴 Φ𝐷𝐷∕⟨Φ𝐷𝐷⟩ . Averages are calculated from both NH and SH are averaged. (b) Averages of the 

IB latitude for different values of IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 and the Milan coupling function 𝐴𝐴 Φ𝐷𝐷 .
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pling function. The exponent 𝐴𝐴 𝐴𝐴 cannot be constrained theoretically, but has to be determined empirically 
(Vasyliunas et al., 1982). The exponent 𝐴𝐴 𝐴𝐴 = 9∕2 = 4.5 found by Milan et al. (2012) is close to the optimum 
values found earlier by MHD modeling (Laitinen et al., 2007) and by maximizing correlation with geomag-
netic indices (Lockwood, 2019; Lockwood, Bentley et al., 2019). However, over the years, coupling functions 
with different exponents have also been proposed. Examples of well-known empirical coupling functions 
using significantly lower exponents than Milan et al. (2012) include Kan and Lee (1979) function (using 

𝐴𝐴 𝐴𝐴 = 2 ) and Newell et al. (2007) function (𝐴𝐴 𝐴𝐴 = 8∕3 ).

The results of the above analysis may depend on the choice of the coupling function (mainly on the value of 
𝐴𝐴 𝐴𝐴 ). However, our conclusions remain valid for any value of 𝐴𝐴 𝐴𝐴 . To verify this, we plot averages of the substorm 

onset frequency and strength (based on the McPherron and Chu (2018) substorm list) for different values 
of 𝐴𝐴 𝐴𝐴𝑇𝑇  and clock-angle 𝐴𝐴 𝐴𝐴 in Figures 5a and 5b, respectively. For a comparison, Figure 5c displays how the 

𝐴𝐴 𝐴𝐴𝑇𝑇 sin(𝜃𝜃∕2)9∕2 term of the Milan function 𝐴𝐴 Φ𝐷𝐷 varies with 𝐴𝐴 𝐴𝐴𝑇𝑇  and 𝐴𝐴 𝐴𝐴 . Comparison of Figures 5a–5c shows that 
contours of substorm onset frequency and substorm strength do not follow the theoretical (Milan function) 
contours. While the theoretical contours in Figure 5c are mostly horizontal (weak dependence on 𝐴𝐴 |𝐵𝐵𝑦𝑦| ) for 

𝐴𝐴 𝐴𝐴𝑧𝑧 < 0 , the contours of the substorm strength (Figure  5b) are curved, reflecting that substorm strength 

Figure 5. Averages of (a) substorm onset frequency (b) strength (Midlatitude Positive Bay [MPB] area) as a function of IMF 𝐴𝐴 𝐴𝐴𝑇𝑇  and the clock-angle 𝐴𝐴 𝐴𝐴 . The 
substorm onset frequency and strength are based on the McP&C list. (c) Same for the Milan coupling function 𝐴𝐴 Φ𝐷𝐷 . (d) Average onset colatitude based on the 
F+L list. (e) Average IB colatitude. Contours are marked with white lines in all panels. In all panels the radial distance from the origin denotes the magnitude 
of 𝐴𝐴 𝐴𝐴𝑇𝑇  (1–10 nT) while 𝐴𝐴 𝐴𝐴 is measured clockwise from the 𝐴𝐴 𝐴𝐴𝑧𝑧 axis.
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increases with 𝐴𝐴 |𝐵𝐵𝑦𝑦| more steeply than 𝐴𝐴 Φ𝐷𝐷 (see also Figure 3). The contours of substorm onset frequency 
(Figure 5a) follow the theoretical contours for weakly negative values of 𝐴𝐴 𝐴𝐴𝑧𝑧 but diverge from the theoretical 
contours for strongly negative 𝐴𝐴 𝐴𝐴𝑧𝑧 , when substorms are more frequent for small 𝐴𝐴 |𝐵𝐵𝑦𝑦| . This reflects the trends 
seen in Figure 2 where most substorm lists show significant 𝐴𝐴 |𝐵𝐵𝑦𝑦| -dependence of onset frequency for strong 
solar wind forcing. Figures 5d and 5e show that the contours of substorm onset colatitude (from the IM-
AGE FUV list) and IB colatitude show a similar dependence on 𝐴𝐴 |𝐵𝐵𝑦𝑦| for 𝐴𝐴 𝐴𝐴𝑧𝑧 < 0 (when substorms are mainly 
occurring) which is consistent with Figures 1a and 4a. Also, the contours of the onset and IB colatitudes 
are similarly curved as the contours of the substorm strength in Figure 5b, reflecting the fact that that the 
substorm strength increases with substorm onset colatitude. Thus, even without making any assumptions 
on the functional form of the optimal coupling function, we can deduce from the differences in Figures 5a, 
5b, 5d, and 5e that the response of the magnetotail to solar wind forcing is indeed different during large and 
small 𝐴𝐴 |𝐵𝐵𝑦𝑦| .

The physical mechanism of the 𝐴𝐴 𝐴𝐴𝑦𝑦 -dependence studied in this paper is not currently known. However, the 
underlying mechanism could be related to the 𝐴𝐴 𝐴𝐴𝑦𝑦 -component in the magnetotail. Shen et al. (2003) derived 
an analytic expression of the minimum radius of curvature of a closed field line passing through the neutral 
sheet. In their Equation D13, they show that the minimum radius of curvature of such field lines are pro-
portional to 𝐴𝐴 ∼ 𝐵𝐵2

𝑦𝑦 for a fixed neutral sheet thickness and 𝐴𝐴 𝐴𝐴𝑛𝑛 (𝐴𝐴 𝐴𝐴𝑦𝑦 and 𝐴𝐴 𝐴𝐴𝑛𝑛 being the GSM y- and neutral sheet 
normal-component, respectively). Since 𝐴𝐴 𝐴𝐴𝑦𝑦 on closed field lines is positively correlated with IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 (e.g., 
Cowley & Hughes, 1983; Tenfjord et al., 2015), the presence of large IMF 𝐴𝐴 |𝐵𝐵𝑦𝑦| is, as an isolated effect, expect-
ed to increase the minimum radius of curvature of the field lines in the tail. This effect may be relevant for 
the occurrence rate and strength/onset latitude of substorms, as thinning of the current sheet is regarded 
as a pre-condition for tail reconnection to take place (e.g., Schindler & Birn, 1993; Snekvik et al., 2012). It 
may therefore be possible that the large IMF 𝐴𝐴 |𝐵𝐵𝑦𝑦| situation on average requires more open magnetic flux to 
initiate a substorm due to the stabilizing effect mentioned above. That is consistent with our observations of 
onsets occurring less frequently and at lower latitudes when IMF 𝐴𝐴 |𝐵𝐵𝑦𝑦| is large vs. small. In a simulation study 
using resistive MHD, Hesse et al. (1990) found that the reconnection rate slows with increasing 𝐴𝐴 𝐴𝐴𝑦𝑦 -compo-
nent in the neutral sheet. Such a mechanism could potentially explain why the magnetotail is more stable 
for large value IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 than for small 𝐴𝐴 𝐴𝐴𝑦𝑦 . More research, including numerical modeling of the magnetotail 
dynamics, is needed for better understanding of the above mechanisms and whether they can explain the 
IMF 𝐴𝐴 𝐴𝐴𝑦𝑦 -dependencies found in this paper.

Data Availability Statement
The solar wind data were downloaded from the OMNI2 database (http://omniweb.gsfc.nasa.gov/). All 
the original POES/MEPED energetic particle data used here are archived in the NOAA/NGDC dataserv-
er (http://www.ngdc.noaa.gov/stp/satellite/poes/index.html). We gratefully acknowledge the SuperMAG 
collaborators (http://supermag.jhuapl.edu/info/?page=acknowledgement). The N&G and the IMAGE FUV 
onset lists were downloaded from http://supermag.jhuapl.edu. The Wp index, from which we derived the 
Nosst, was downloaded from http://www.isee.nagoya-u.ac.jp/∼nose.masahito/s-cubed/.
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